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Spermatogonial stem cells (SSCs) provide the foun-
dation for spermatogenesis. In a manner comparable
to hematopoietic stem cell transplantation, SSCs
colonize the niche of recipient testes and reinitiate
spermatogenesis following microinjection into the
seminiferous tubules. However, little is known about
the homing mechanism of SSCs. Here we examined
the role of adhesion molecules in SSC homing. SSCs
isolated from mice carrying loxP-tagged b1-integrin
alleles were ablated for b1-integrin expression by
in vitro adenoviral cre transduction. The b1-integrin
mutant SSCs showed significantly reduced ability
to recolonize recipient testes in vivo and to attach
to laminin molecules in vitro. In contrast, genetic
ablation of E-cadherin did not impair homing, and
E-cadherin mutant SSCs completed normal sper-
matogenesis. In addition, the deletion of b1-integrin
on Sertoli cells reduced SSC homing. These results
identify b1-integrin as an essential adhesion receptor
for SSC homing and its association with laminin is
critical in multiple steps of SSC homing.
INTRODUCTION
One of the distinct features of stem cells is their migration and
repopulation of niches, where they undergo self-renewal division
(Laird et al., 2008). Of the self-renewing systems, the homing
mechanisms of hematopoietic stem cells (HSCs) have been
best characterized.HSCsaredefinedashavingboth thecapacity
for self-renewal and the ability to differentiate into all mature
hematopoietic lineages after migration into niches. After damage
by radiation or chemicals that destroy endogenous stem cells,
transplanted HSCs can find and actively migrate into empty
niches and quickly regenerate hematopoiesis, a process that
can be exploited to study HSCs and repopulation. Although the
molecular mechanism underlying HSC homing remained long
unknown, a large number of molecules, including cell-adhesion
molecules and their ligands, extracellular matrix (ECM) compo-Cenents, and chemokines, have been identified to be involved in
the homing process (Lapidot et al., 2005).
The spermatogenic system is the only other self-renewing tis-
sue for which a functional transplantation technique is available
(Brinster and Zimmermann, 1994). When spermatogonial stem
cells (SSCs) are microinjected into the seminiferous tubules of
infertile testes, SSCs migrate into the niche, where they reinitiate
and maintain spermatogenesis for a long period of time. While it
is well known that primordial germ cells (PGCs), from which
SSCs develop, migrate into genital ridges during fetal develop-
ment (Molyneaux andWylie, 2004; Raz, 2004), the microinjection
of SSCs now demonstrates that postnatal SSCs retain the ability
to migrate into the niche. Unlike bone marrow, which is com-
posed of multiple cell types, the composition of the germline
niche is relatively simple; the only somatic cell type that directly
interacts with SSCs are the Sertoli cells (de Rooij and Russell,
2000; Meistrich and van Beek, 1993). They support spermato-
genesis and also form a blood testis barrier (BTB) that is consti-
tuted by specific tight junctions between adjacent cells. Trans-
planted SSCs attach to Sertoli cells and, by passing through
the BTB, migrate from the adluminal side of the seminiferous
tubules to the niche site on the basement membrane. Approxi-
mately 10% of transplanted SSCs can accomplish this process,
while the remaining cells disappear within 2 to 3 weeks (Nagano
et al., 1999). SSCs are the only cell type to achieve reconstitution
and long-term spermatogenesis; the rest of the cells disappear
because they do not have self-renewing capabilities. Thus,
SSCs exhibit strongmigratory activity into their niche in amanner
similar to HSCs. However, very little is known about the homing
mechanisms of SSCs or whether stem cells of the two different
self-renewing tissues share the common molecular machinery
for homing.
In this study, we analyzed the roles of adhesion molecules in
theSSChoming. SSCsexpressmembers of the integrin andcad-
herin family of adhesion molecules, both of which play important
roles in HSC homing. We previously found that SSCs preferen-
tially attach to laminin and express both a6- and b1-integrins
that are components of the laminin receptor (Shinohara et al.,
1999). Another study showed thatSSCsalso expressE-cadherin,
which is expressed in a very small population of undifferentiated
spermatogonia (Tokuda et al., 2007). Using adenovirusmediated
gene delivery systems, SSCs or Sertoli cells from mutant micell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc. 533
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transduced with cre to delete the loxP-tagged alleles. Germ cell
transplantation technique was subsequently used to functionally
assess the effect of the b1-integrin or E-cadherin genes in SSC
homing.
RESULTS
Expression of b1-Integrin and E-Cadherin on SSCs
To examine the expression of integrin and cadherin family of
adhesion molecules on SSCs, we used cultured spermatogonia,
germline stem (GS) cells, which are highly enriched with SSCs
(Kanatsu-Shinohara et al., 2003). To avoid contamination of
somatic cells, GS cells on laminin-coated dishes were used for
analysis. Reverse transcription polymerase chain reaction
(RT-PCR) analyses indicated the expression of most b-integrin
subunits (i.e., b1-, b2-, b3-, b4-, b5-, and b7-integrins) and
Figure 1. Expression of b-Integrin and Cadherin
Family Molecules in SSCs
(A) RT-PCR analysis of b-integrin and cadherin gene
expression.
(B) Real-time PCR analysis. Expression was normalized to
HPRT expression.
(C) Reduced expression of E-cadherin in the absence of
GDNF, as assessed by real-time PCR analysis. Expression
was normalized to HPRT expression. Asterisk denotes
significant difference from the control (mean ± SEM,
n = 3, p < 0.01).
(D) Inhibition of GS cell attachment to laminin by Ha2/5.
Asterisks denote significant differences from the control
(mean ± SEM, n = 5, p < 0.01).
(E) Inhibition of GS cell colonization by neutralizing
antibodies. No significant effect was observed (mean ±
SEM, n = 11 to 12).
(F–I) Effects of neutralizing antibodies on colony formation.
Addition of Ha2/5 (F) or ECCD1 (H) did not show significant
effect on GS cells. On the other hand, while typical ES-like
EG cell colonies were observed in the absence of neutral-
izing antibody (G), ECCD1 prevented EG cell colony
development (I). Bar, 200 mm (F–I).
cadherins (i.e., E-, N-, and P-cadherins) (Fig-
ure 1A). However, we were unable to detect
expression of the b6- and b8-integrins. We next
quantified the expression levels of these tran-
scripts using real-time PCR (Figure 1B). Of the
several integrin molecules, b1- and b5-integrins
were dominantly expressed in GS cells. E-cad-
herin was expressed at higher levels than
N- and P-cadherin.
Because adhesionmolecules are dynamically
regulated in HSCs by mitogenic signals (Wilson
et al., 2004), we examined whether the expres-
sion of these molecules is regulated by glial
cell line-derived neurotrophic factor (GDNF),
a critical regulator of self-renewal division of
SSCs (Meng et al., 2000). Real-time PCR analy-
ses showed that expression of the E-cadherin is
downregulated to50%when they are cultured
in the absence of GDNF (Figure 1C). In contrast,
the expression of b1- and b5-integrins did not change signifi-
cantly. These results suggest that expression of integrin and
cadherin adhesion molecules are regulated differentially.
To examine the function of these molecules, we initially used
neutralizing antibodies. Neutralizing antibodies against b1-integ-
rin (Ha2/5) or E-cadherin (ECCD1) inhibited colony formation of
embryonic germ (EG) cells or binding of GS cells to laminin,
respectively (Figures 1D and 1F–1I). However, addition of anti-
b5-integrin neutralizing antibody did not have any effect, indicat-
ing that b1-integrin plays a major role in laminin binding. Both
Ha2/5 and ECCD1 had no effects on GS cell colony morphology
or proliferation. We also tested their effect in vivo. Because HSC
homing can be blocked when bone marrow cells are preincu-
bated with neutralizing antibodies against cell surface antigens
(Lapidot et al., 2005; Laird et al., 2008),Ha2/5orECCD1werepre-
incubated with enhanced green fluorescence protein (EGFP)-
expressing GS cells, and the cells were then microinjected into534 Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc.
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lack endogenous spermatogenesis because of mutations in the
c-kit receptor (Geissler et al., 1988). Two experiments were per-
formed, and recipients were transplanted with 2 3 104 GS cells.
However, no evidence of impaired colonization was found (Fig-
ure 1E). The combination of these antibodies also did not show
any impact on colonization.
Analysis of b1-Integrin and E-Cadherin Function
in SSCs Using Conditional Knockout Mice
Although our results suggested that neither b1-integrin nor
E-cadherin is involved in SSC homing, the techniques used in
the HSC studies may not be applicable to SSCs because of
differences in the anatomical structures of the migratory paths
and the kinetics of the homing processes. We therefore took
advantage of the cre/lox technology to remove both these genes
individually in SSCs derived from conditional knockout animals
(Figures 2A and 2B). The cre-mediated gene ablationwas carried
out with a recombinant, cre-expressing adenovirus (AxCANCre).
We previously showed that exposure of testis cells in vitro to
AxCANCre results in the deletion of the target genes in SSCs
(Figure 2C) (Takehashi et al., 2007).
In the first set of experiments, we used mice carrying a
b1-integrin gene flanked by loxP sites (b1-integrin floxed mice)
(Figure 2A) (Brakebusch et al., 2002). In this mouse strain, the
excision of the floxed b1-integrin gene can be confirmed by the
activation of a reporter LacZ gene, which was inserted down-
stream of the b1-integrin locus. The reporter is activated after
the excision of the b1-integrin allele by cre. Using this mouse
strain, heterozygous floxed animals were bred to produce mice
homozygous for the b1-integrin floxed allele. Heterozygous
floxed animals were used as controls. Testis cells from both
homozygous and heterozygous animals were collected from
10- to 14-day-old pups, which are enriched with SSCs because
of the lack of differentiating germ cells (Shinohara et al., 2001).
The cells were exposed to AxCANCre overnight and then were
recovered for transplantation (Figure 2C). After trypsinization,
48%–77% of the input cells could be recovered. The adenovirus
treatment resulted in the loss of the b1-integrin gene at an effi-
ciency of 49.0 ± 4.1% (mean ± SEM, n = 3; Figure 2A). Three
experiments were performed, and 1.5 3 105 testis cells were
transplanted into 30 testes.
Three months after transplantation, recipient mice were sacri-
ficed, and the testes were stained with 5-bromo-4-chloro-3-
indolyl b-D-galactoside (X-gal). Recipient testes that received
mutant cells had a significantly smaller number of colonies than
did testes that received control cells (Figures 3A, 3B, and 3G).
BecauseW testes do not have differentiating germ cells, all sper-
matogenesis in the recipient testes originated from the trans-
planted donor cells (Shinohara et al., 2001). We also evaluated
the homing efficiency by counting the number of seminiferous
tubules containing spermatogenesis by histology. Overall,
whereas testes with mutant donor cells showed spermatogene-
sis in 13 of 757 tubules (1.7%), those that received control
transplants exhibited spermatogenesis in 187 of 602 tubules
(31.1%); this difference was statistically significant (Figure 3H).
Figure 2. Functional Analysis of Homing
Molecules by Adenoviral Transduction
(A and B) Conditional mutant mice used in the
experiments. LacZ gene expression begins after
cre-mediated gene deletion in b1-integrin mutant
mice. Southern blots of deletion efficiency. Geno-
mic DNA was digested with PstI (A) or EcoR V (B)
and hybridized with a LacZ (A)- or E-cadherin
(B)-specific probe, respectively. P, PstI; E, EcoRV.
(C) Diagram of the experimental procedure to test
gene functions in SSCs. Testis cells from condi-
tional mutant mice were dissociated and infected
in vitro by AxCANCre. Cre-mediated deletion
removed the target genes, and LacZ gene expres-
sion was initiated under the b1-integrin or ROSA26
promoters in b1-integrin or E-cadherin mutant
cells, respectively. The cells were transplanted
into recipient testes for assessing the SSC activity.
The level of donor cell colonization was evaluated
by counting LacZ-positive colony numbers or
tubules with spermatogenesis.
(D) A diagram of the experimental procedure to
test gene functions in Sertoli cells. The b1-integrin
floxed mice were treated with busulfan to remove
endogenous spermatogenesis. One month after
busulfan injection, AxCANCre was microinjected
into the testes. Donor cells from EGFP transgenic
mice were transplanted after 2 weeks. The level of
donor cell colonization was evaluated by counting
the number of colonies under UV light.Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc. 535
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those from mutant males (Figures 3A and 3B), suggesting that
b1-integrin mutant cells did not differentiate efficiently. In agree-
ment with this result, although control cells could complete
normal spermatogenesis, very few differentiated germ cells
were found in the recipients that received mutant donor cells
(Figures 3E and 3F).
SSChoming involves several steps: attachment toSertoli cells,
passage through the BTB, migration into the germline niche, and
attachment to the basement membrane (Nagano et al., 1999). To
examine which of these processes are affected, we analyzed the
pattern of donor cell colonization at early time points (Figure 4A).
Both control andmutant cells produced chains of spermatogonia
on the basement membrane at 1 week after transplantation
(Figure 4B, inset), indicating that the mutant cells were able to
migrate through BTB and proliferate on basement membrane.
Figure 3. ReducedColonizing Ability of b1-Integrin
Mutant Cells
(A–D) Appearance of recipient testes following transplan-
tation of AxCANCre-infected control (A and C) or b1-integ-
rin (B) or E-cadherin (D) mutant testis cells. Blue tubules
represent the colonization of donor stem cells that were in-
fected by AxCANCre adenovirus. Weakly stained colonies
were found in the recipient testis (arrows), suggesting that
the cells differentiated poorly.
(E and F) Histological appearance of recipient testes that
received AxCANCre-infected testis cells from control (E)
or b1-integrin mutant (F) mice. Note the reduced sper-
matogenesis in the mutant cells.
(G) Colony count. The loss of b1-integrin induced a signif-
icant reduction. Asterisks denote significant differences
from the control (mean ± SEM, n = 18 to 26, p < 0.01 for
b1-integrin; n = 9 to 10, p = 0.41 for E-cadherin).
(H) Evaluation of spermatogenesis in the recipient testes.
The values represent the percentage of tubules with
spermatogenesis in each testis. Asterisks denote signifi-
cant difference from control (mean ± SEM, n = 4 to 6,
p < 0.01). The total number of tubules from four to eight
different recipient testes was counted.
(I) Appearance of pup recipient testes that received
AxCANCre-infected control (left) or b1-integrin mutant
(right) testis cells. Note the larger size of the recipient
testes that received control cells (left), due to enhanced
colonization in the immature testis.
(J and K) Histological appearance of pup recipient testes
that received AxCANCre-infected control (J) or b1-integrin
mutant (K) testis cells.
(L) Weight and evaluation of spermatogenesis in the pup
recipient testes. Asterisks denote significant differences
from the control (mean ± SEM, n = 8 to 9, p < 0.01 for testis
weight; n = 7–10 for histology). Bars: 1 mm, (A)–(D) and (I);
100 mm, (E), (F), (J), and (K). Stain, X-gal followed by
hematoxylin and eosin (E, F, J, and K).
However, when the recipient testes were
analyzed at 3 weeks after transplantation, only
control cells remained on the basement mem-
brane (Figure 4B). By 6 weeks after transplanta-
tion, most of the mutant cells disappeared from
the testis. In contrast, no significant effects on
colonization were observed with neutralizing
antibodies (Figure 4C).
To further examine the mechanism of homing defect, we next
used 5- to 10-day-old immatureW pups as recipients (Shinohara
et al., 2001). At this stage, recipient testes lack the BTB, which
forms at approximately days 12–14 after birth (de Rooij and
Russell, 2000). Three experiments were performed, and a total
of 12 testes were transplanted with 63 104 testis cells that were
exposed to AxCANCre. Testis cells lacking b1-integrin showed
a significantly reduced colonization (Figure 3I), while transplanta-
tion of control cells resulted in extensive colonization at 3months
after transplantation. Some haploid cells were found, but we
were unable to observe complete spermatogenesis (Figures 3J
and 3K). A total of 373 of 584 tubules (63.9%) showed spermato-
genesis with control cells, but only 63 of 1203 (5.2%) tubules
showed spermatogenesis with mutant cells. Decreased coloni-
zation was also evident by the low testicular weight of mutant
cell recipients (Figure 3L).536 Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc.
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lished GS cells from 7-day-old homozygous b1-integrin floxed
mice. The established GS cells were exposed to AxCANCre to
generate GS cells lacking b1-integrin. The growth rate of the
mutant GS cells was comparable to that of control cells on
mouse embryonic fibroblasts (MEFs). Additionally, there were
no significant changes in colony morphology or size (Figure 5A).
However, when the mutant cells were transferred on different
kinds of ECM molecules, they showed reduced ability to bind
to laminin (Figure 5B). The number of cells that attached was
significantly smaller than that of control cells as early as 30 min
after incubation (Figure 5C). Interestingly, the mutant cells could
attach to poly L-lysine, an artificial substrate that can mediate
b1-integrin independent attachment (Figure 5B).
We also analyzed the role of E-cadherin in SSC homing.
Preliminary experiments using a dominant-negative E-cadherin
construct did not show any effect on GS cell colony proliferation
or homing (data not shown). We therefore used a conditional
knockout mouse line for the E-cadherin gene (Figure 2B)
Figure 4. Colonization of Recipient Seminiferous
Tubules by Donor Cells
(A) Appearance of the recipient testis that received cre-treated
testis cells from homozygous and heterozygous (control)
animals. Although many clusters of blue cells were initially ob-
served (arrows), very few colonies were found in the recipient
testis that received homozygous donor cells after 6 weeks. In
contrast, heterozygous control cells proliferated tomake germ
cell colonies (arrowheads). The intense blue color in the colony
at 3 months represents extensive differentiation of SSCs.
(B) Colonization of seminiferous tubules at 3 weeks after trans-
plantation. Control cells made networks of spermaotgonia,
whereas homozygous cells produced blue cell clusters. Note
the greater distance between the blue cells and the outlines
of the tubules in recipient with mutant cells, which suggested
that they are not on the basement membrane. Inset shows
chains of control and mutant spermatogonia in the tubule at
1 week after transplantation, suggesting that the cells were
proliferating.
(C) Effect of neutralizing antibodies. Heterozygous donor cells
were transplanted with indicated antibodies, and the recipient
testes were analyzed at 1 week after transplantation. Bars:
500 mm, (A) and (C); 200 mm, (B).
(Boussadia et al., 2002). The E-cadherin mutant
mouse strain was crossed with a ROSA26 reporter
mouse strain (R26R) to visualize the mutant SSCs
(Soriano, 1999). Heterozygous floxed animals were
used as controls. Testis cells were collected from
the homozygous mutant and control mouse and
exposed to AxCANCre. After overnight incubation,
41%–75% of the input cells were recovered.
Southern blots indicated that 35.7 ± 4.6% (mean ±
SEM, n = 3) of the floxed allele was deleted from
the E-cadherin gene locus (Figure 2B). Three
experiments were performed, and 1.5 3 105 testis
cells were transplanted into 18 recipient testes.
Analysis of the recipient testes showed that both
mutant and control cells could extensively colonize
the seminiferous tubules (Figures 3C and 3D), and
there was no significant difference in colony
numbers (Figure 3G). Histological analysis also showed compa-
rable numbers of seminiferous tubules with spermatogenesis
(Figure 3H). Overall, the control and mutant cells produced
spermatogenesis in 148 of 367 (40.3%) and 188 of 413 (45.5%)
tubules, respectively. No apparent differentiating defects were
observed. Moreover, we also did not find any differences at
1–3 weeks after transplantation (data not shown), suggesting
that E-cadherin is not involved in migration in the initial phase
of colonization.
Analysis of b1-Integrin and E-Cadherin Function
in Sertoli Cells Using Conditional Knockout Mice
Because b1-integrin is also expressed in Sertoli cells (Yan et al.,
2006), we hypothesized that b1-integrin on Sertoli cells may
affect SSC homing. We examined this hypothesis by taking
advantage of the in situ infection of Sertoli cells by adenovirus
(Figure 2D) (Kanatsu-Shinohara et al., 2002). Wild-type (WT) or
conditional b1-integrin knockout mice were injected with busul-
fan to deplete endogenous spermatogenesis. After 1 month,Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc. 537
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AxCANCre resulted in the deletion of the b1-integrin gene
throughout the whole testis, as visualized by X-gal staining (Fig-
ure 6A). Histological analyses showed that the deletion occurred
in 71.5 ± 6.4% of the seminiferous tubules (mean ± SEM, n = 6),
and 19.3 ± 1.6% of Sertoli cells in each tubule expressed LacZ
gene (mean ± SEM, n = 31) (Figure 6B).
Twoweeks after AxCANCre exposure, 13 106 testis cells from
adult EGFP transgenic mice C57BL/6 Tg14(act-EGFP)OsbY01
(designated as Green) were microinjected into the seminiferous
tubules of both control and b1-integrin mutant mice. When the
recipient testes were analyzed 2 months after transplantation,
b1-integrin mutant recipient testes had a smaller number of
EGFP-expressing colonies compared with control recipients,
suggesting that the loss of b1-integrin decreased the seeding
or maintenance of stem cells in recipient testis (Figures 6C, 6D,
and6H).However, someEGFP+cells overlapped in LacZ-stained
areas (Figures 6E and 6F). Despite fewer colonies, those that
did develop in the testes did not show any particular abnormali-
ties, and the cells were able to differentiate at least beyond
the spermatocyte stage after histological analyses, as indicated
by synaptonemal complex protein 3 (SYCP3) expression (Fig-
ure 6G). In contrast, although the number of colonies decreased
in E-cadherin mutants, the difference was not significant
(Figure 6I).
Figure 5. Reduced Laminin Binding of b1-Integrin Mutant GS Cells
(A) b1-integrin mutant GS cells. The cells retained a typical morula-like
appearance.
(B) Adherence of b1-integrin mutant GS cells to ECM substrates. GS cells
were plated on ECM-coated dishes for 30 min. Asterisk denotes significant
difference from the control (mean ± SEM, n = 5, p < 0.01). LN, laminin; FN,
fibronectin; Col, collagen; PLL, poly L-lysine.
(C) Reduced laminin binding of mutant GS cells. The differences between
control and mutant cells were significant at all time points for both adherent
and floating cells (mean ± SEM, n = 5, p < 0.01). Bar, 200 mm (A).
Figure 6. Evaluation of b1-Integrin Function in Sertoli Cells
(A and B)Wholemount (A) and histology (B) of recipient testes fromAxCANCre-
injected b1-integrin floxed mice. Injection of AxCANCre induced the loss of the
b1-integrin gene, as evidenced by LacZ expression. Inset shows whole mount
of cre-treated control recipient testis.
(C and D) Appearance of AxCANCre-injected control (C) and homozygous
b1-integrin floxed (D) recipient testes that received EGFP-positive donor cells.
(E and F) Colonization of donor cells. EGFP-expressing cells are found among
LacZ-expressing Sertoli cells (arrows).
(G) Spermatogenesis in the recipient testis. SYCP3-positive (red) meiotic cells
were observed.
(H and I) Colony count. The number of colonies in b1-integrin mutants was
reduced in recipient testes that received AxCANCre injection (H), whereas
those in E-cadherin mutants did not decrease significantly (I). The results are
from two experiments. Asterisks denote significant differences from the
control (mean ± SEM, n = 14 to 17, p < 0.01). Bars: 200 mm, (A), (E), and (F);
1 mm, (C) and (D); 50 mm, (B) and (G).538 Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc.
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Although the discovery of the homing activity of SSCs was sur-
prising, the mechanism of SSC homing has been long unknown
due, at least in part, to the lack of appropriate techniques for the
genetic manipulation of SSCs. We took advantage of adenovirus
to analyze the involvement of adhesion molecules in SSC hom-
ing. Although SSCs were thought to be refractory to adenovirus
infection, adenovirus can transduce SSCs in vitro (Takehashi
et al., 2007). An additional advantage of adenovirus is that it
also infects Sertoli cells (Kanatsu-Shinohara et al., 2002). Be-
cause Sertoli cells are mitotically quiescent and constitute only
2% of the total testis cells in the adult (Bellve´, 1993), their role
in spermatogenesis has been difficult to analyze despite the
relatively simple niche structure. Our study demonstrates that
adenovirus exposure to SSCs in vitro and the infection of Sertoli
cells in vivo are both useful methods by which to analyze gene
function in stem cells and their microenvironment.
The integrin family, which comprises various ECM receptors,
plays important roles in stem cell biology. In particular, b1-integ-
rin is involved not only in HSC homing to the fetal liver or bone
marrow, but also in the proliferation of neural stem cells (Hirsch
et al., 1996; Ptocnik et al., 2000; Leone et al., 2005; Campos
et al., 2004). In germline cells, PGCs, precursor of SSCs, require
b1-integrin tomigrate into the genital ridges during fetal develop-
ment (Anderson et al., 1999). Through the analysis of chimeras
between b1-integrin-deficient embryos with WT embryos, it
was found that b1-integrin-deficient PGCs enter the germline
but fail to efficiently colonize the genital ridges. Conversely, the
function of b1-integrin in postnatal germ cells remained elusive,
even though its expression was demonstrated on SSCs (Shino-
hara et al., 1999). However, the decreased colony formation from
the b1-integrin mutant SSCs now indicates that b1-integrin plays
an important role in the SSC biology.
A major problem in studying SSC homing is that it is difficult to
track SSCs immediately after transplantation. This is because
the concentration of SSCs is very low in the testis cell suspen-
sion, and no SSC-specific markers have been identified. Stem
cells could be identified retrospectively only by their ability to
self-renew. During the first several weeks after transplantation,
germ cell colonies cannot be defined because SSCs proliferate
very slowly. In addition, numerous transplanted cells remain in
the seminiferous tubules, which prevents direct identification of
prospective SSC colonies. However, cells that failed to reach
the nichemay undergo apoptosis or are phagocytosed by Sertoli
cells and disappear after 1 month. Colonies derived from SSCs
can be defined at least 6 weeks after transplantation.
Although these problems make it difficult to study the homing
mechanism, our results suggested strongly that b1-integrin is
involved in the first several weeks of SSC colonization. First,
we detected a homing defect in immature pup recipient testis,
which lacks the BTB. Because SSC homing is enhanced in
pup recipients, passage through the BTB is thought to be the
most critical step in SSC homing (Shinohara et al., 2001). How-
ever, the homing defect of b1-integrin mutant cells was still
prevalent, suggesting that b1-integrin is not involved in passage
through BTB. Second, b1-integrin mutant GS cells have an
impaired ability to attach to laminin in vitro. In addition, while
WT GS cells attach to laminin preferentially compared withCfibronectin or collagen (Shinohara et al., 1999), anti-b1-integrin
antibody specifically inhibited the attachment of WT cells in this
study. Third, mutant cells retained proliferative activity both
in vivo and in vitro. The mutant cells proliferated to make chains
of spermatogonia at 1 week after transplantation in vivo,
although it is unclear whether they originated from SSCs. More-
over, mutant GS cells could proliferate for a long term in vitro.
Fourth, by 3 weeks after transplantation, most mutant cells de-
tached from the basement membrane. These results suggest
that initial phase of colony establishment is affected by b1-integ-
rin loss. Therefore, a likely scenario is that transplanted mutant
SSCs respond to a chemotactic signal and migrate from the
adluminal to the basal compartment of the seminiferous tubules
through the BTB, but migration to niche or retention on the base-
ment membrane is abrogated because of a decreased ability to
bind to laminin (Figure 7).
Although our results indicate the importance of b1-integrin in
SSChoming, thismoleculemay also be involved in other aspects
of spermatogenesis. In our study, we did not observe gross ab-
normalities in b1-integrin mutant GS cells in vitro or in the germ
cell colony in vivo, suggesting that they have normal potential
for spermatogenesis. Moreover, the cells were undergoing dif-
ferentiation because meiotic cells were observed in the recipient
testes after transplantation of mutant cells. However, we were
not able to detect complete spermatogenesis from the mutant
cells, which suggested that the cells are not differentiating
efficiently. One possibility is the direct involvement of b1-integrin
in SSC differentiation. In fact, ligand binding by b1-integrin can
influence differentiation of keratinocytes (Levy et al., 2000). Alter-
natively, inefficient differentiation may be caused indirectly by
low SSC seeding. The degree of commitment of cells to the
differentiation pathway may be influenced by the stem cell
and seminiferous tubule conditions (Nagano et al., 1999). Partic-
ularly, in case of low level of colonization, initiation of SSC
Figure 7. Potential Roles of b1-Integrin in SSC Homing
The b1-integrin is potentially involved in three distinct steps of SSC homing. Its
expression on Sertoli cells may facilitate the attachment of SSCs or migration
through the tight junction, whereas b1-integrin on SSCs may mediate their
attachment to the basement membrane. The role of cadherin is yet to be
determined.ell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Inc. 539
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SSC expansion. Indeed, SSCs transplanted in pup testis differ-
entiate more quickly than in adult testis because of enhanced
colonization (Shinohara et al., 2001). Considering that many ab-
normalities, such as missing layers of germ cells, were observed
during the first several months after transplantation (Parreira
et al., 1998), it remains unclear whether b1-integrin is involved
in SSC differentiation. Strikingly, previous studies on HSCs
showed that, although HSC homing depends on b1-integrin after
transplantation, hematopoiesis proceeded normally in the
absence of b1-integrin when the gene was inactivated in HSCs
within the bone marrow (Brakebusch et al., 2002). Long time
follow-up of the transplants is therefore necessary to determine
the effect of b1-integrin loss in spermatogenic differentiation.
We also showed that SSC homing was impaired when the
b1-integrin of Sertoli cells was ablated in the recipient testes.
This suggests that b1-integrin on Sertoli cells plays a role in
SSC homing. Although Sertoli cells may have been exposed to
the virus only transiently due to the flow of seminiferous tubule
fluid in vivo, the cre-mediated deletion occurred evenly in the
testis, and LacZ staining showed that 72% of the seminiferous
tubules were infected with the virus. However, the deletion was
modest compared with SSCs, and only 19% of the Sertoli cells
showed LacZ expression. Some germ cell colonies developed
in areas with LacZ staining, which suggested that the cells might
be heterozygous for the integrin expression in these areas. Alter-
natively, several Sertoli cellsmay cooperate to facilitate transport
of SSCs to the basement membrane. More dramatic inhibition
would occur in the complete absence of b1-integrin, which may
be achieved using higher virus titer or injection into immature
pups.
The involvement of Sertoli cells in SSC homing suggests that
stem cell homing in the testis may operate in a different manner
from that in the bone marrow. While active chemotaxis of stem
cells alone may explain SSC homing, it was also proposed that
Sertoli cells may play a major role. In this model, Sertoli cells
actively sort transplanted SSCs and position them within the
epithelium, using their unique cytoskeltal elements and cell con-
figurations that enable such movements (Russell et al., 1996).
Unlike normal epithelium, in which b1-integrin is usually present
in the cell matrix, the b1-integrin of Sertoli cells is restricted to
definite sites of intercellular contact, colocalizing with actin
bundles at apical and basal ectoplasmic specialization (ES),
a testis-specific, actin-based hybrid for anchoring and forming
tight junctions (Yan et al., 2006). Although the ligand for b1-integ-
rin at the ES is unknown, laminin expressed on germ cells may be
a candidate (Yan et al., 2006). Because SSCs also express lam-
inin (Kanatsu-Shinohara et al., 2006), b1-integrin on Sertoli cells
may be used to capture transplanted SSCs. Alternatively, b1-
integrin on Sertoli cells may be used for the transport of SSCs
through the BTB. Reduced immunoreactive b1-integrin expres-
sion around the BTB in the seminiferous epithelium coincides
with the migration of spermatocytes across this barrier, which
suggests that Sertoli cells regulate germ cell movement during
passage through the BTB (Salanova et al., 1995). Therefore, it
is possible that SSCs take advantage of this distinct physiolog-
ical activity of Sertoli cells to migrate into the niche. Although it
remains to be determined whether SSCs exert chemotactic ac-
tivity or Sertoli cells coordinate the homing process, b1-integrin540 Cell Stem Cell 3, 533–542, November 6, 2008 ª2008 Elsevier Ion both germ cells and Sertoli cells is a key molecule in SSC
homing, and accurate measurement of integrin protein levels in
both SSCs and Sertoli cells will clarify how laminin- b1-integrin
interactions coordinate different steps of SSC homing.
On the other hand, E-cadherin has been considered the prime
candidate for stem-cell-niche interaction because it is specifi-
cally expressed to a higher extent on smaller populations of
spermatogonia than is b1-integrin (Wu et al., 1993). This was
also suggested by the fact that, in Drosophila, cadherin interac-
tion is necessary to sustain undifferentiated stem cells (Song
et al., 2002; Yamashita et al., 2003). Therefore, we had good
reason to believe that cadherin also plays a similar role in mam-
malian spermatogenesis. In fact, E-cadherin has several impor-
tant functions in mouse germline development. The addition of
neutralizing antibody inhibits PGC formation from epiblasts
and inhibits the migration and condensation of PGCs to the
genital ridges (Bendel-Stenzel et al., 2000; Okamura et al.,
2003; Di Carlo andDe Felici, 2000). Based on these experiments,
we expected that the loss of E-cadherinwould have adetrimental
effect on the homing or maintenance of SSCs. However, we
found no significant effect of E-cadherin by using the neutralizing
antibody, by a dominant-negative construct, or by genetic abla-
tion. Although other family members of the cadherin genes may
compensate for the loss of the E-cadherin, these results suggest
that E-cadherin in the SSCs plays a lesser role than that in the
PGCs. Interestingly, although Drosophila stem cells interact
with somatic supporting cells by homophilic E-cadherin interac-
tions, E-cadherin expression is not found in mammalian Sertoli
cells (Tokuda et al., 2007). Perhaps, cadherin molecules on
SSCs have a different role in the mammalian testis.
One of the important tasks in the future will be to identify the
a-subunits that are involved in SSC homing. Of 18 a-subunits,
several have been identified in the testes, including a1, a3, a4,
a5, a6, and a9 (Yan et al., 2006). In addition, the search for other
homing molecules also needs to be continued. The adenoviral
gene delivery system may prove useful in such functional analy-
ses because very few cre-expressing transgenic lines are avail-
able for analysis of the spermatogonia stage and breeding
requiresmore time and larger numbers of animals. The biological
significance of SSC migration awaits further study, but the iden-
tification of homing molecules is practically important because
the low homing efficiency of SSCs has long been one of the prob-
lems in germ cell transplantation. Not all recipients become
fertile despite successful germ cell transplantation. However,
the manipulation of homing molecules by genetic or chemical
methods may help to improve the colonization efficiency. Thus,
the identification of the SSC homing machinery will not only
reveal common principles of stem cell systems, but also will be
important for practical SSC applications in medicine and
biotechnology.
EXPERIMENTAL PROCEDURES
Animals
The generation of conditional b1-integrin or E-cadherin mutant mice was
described previously (Brakebusch et al., 2002; Boussadia et al., 2002). For
experiments using b1-integrin mutant mice, b1-integrin flox/flox and flox/WT
littermates were used. For experiments using E-cadherin mutant mice, E-cad-
herin flox/flox males were crossed with homozygous R26R female mice to
produce E-cadherin flox/WT offspring (both from The Jackson Laboratory,nc.
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spring. We also used Green mice (a gift from Dr. M. Okabe, Osaka University)
andWmice (Japan SLC, Shizuoka, Japan) for transplantation. All animals were
maintained in a C57BL/6 background for transplantation studies, except that
b1-integrin flox/flox mouse was backcrossed to the ICR background for GS
cell derivation.
Cell Culture and Adhesion Assay
Testes cells were collected from 10- to 14-day-old pups, and single-cell
suspensions were obtained using a two-step enzymatic dissociation (Bellve´,
1993). The cells were cultured on mitomycin C-treated MEFs in StemPro-34
SFM (Invitrogen, Carlsbad, CA), supplemented as described (Kanatsu-Shino-
hara et al., 2003). For in vitro infection by the AxCANCre (RIKEN BRC,
Tsukuba, Japan), 1 3 106 testis cells were plated in a 6-well plate (9.5 cm2),
whereas 3 3 105 GS cells were plated in a 12-well plate (3.8 cm2). The cells
were incubated overnight, and the virus was removed the next day. The titer
of the virus was 2 3 106 plaque forming units (pfu)/ml.
GS cells were established according to a standard protocol, using newborn
Green mice (backcrossed to the DBA/2 background) or 7 day-old WT or b1-in-
tegrin flox/flox mice in ICR background. GS cells were maintained on MEFs or
laminin (Kanatsu-Shinohara et al., 2003, 2005). EG cells were cultured in
Dulbecco’s modified Eagles’ medium supplemented with 15% fetal calf
serum, 5 3 105 M 2-mercaptoethanol, and 103 units/ml ESGRO (Invitrogen,
Carlsbad, CA). For antibody treatment, the cells were incubated with 20 mg/ml
Ha2/5 (BD Biosciences, Lenexa, KS) or 200 mg/ml ECCD1 (Takara Bio Inc.,
Ohtsu, Japan).
Adhesion assay was performed as described previously with slight modifi-
cations (Kanatsu-Shinohara et al., 2006). In brief, cre-treated GS cells from
wild-type and b1-integrin flox/flox mice were plated on ECM-coated dishes
at a density of 2.53 105 cells per 3.8 cm2. The dishes were coated with laminin
(20 mg/ml), fibronectin (100 mg/ml), poly L-lysine (0.002%) (all from Sigma,
St. Louis, MO), and collagen type I (2.4 mg/ml; Nitta gelatin, Osaka, Japan).
For blocking experiments, cells were plated at a density of 3 3 105 cells per
3.8 cm2 in the presence of 20 mg/ml anti-b1-integrin (Ha2/5), anti-b3-integrin
(2C9.G2; BD Biosciences), or anti-b5-integrin (KN52; eBioscience, San Diego,
CA) antibodies. Data were analyzed using Student’s t test.
Transplantation
Germ cell transplantation was performed via the efferent duct, filling 75%–
85% of the seminiferous tubules in each testis. Approximately 2 or 3 ml could
be introduced into Wmice that were 5–10 days or 4 weeks old, respectively. In
experiments using neutralizing antibodies, donor cells were incubated with
200 mg/ml Ha2/5 or ECCD1 for 1 hr on ice and transplanted into the testis.
To delete genes in Sertoli cells, b1-integrin and E-cadherin mutants, or WT/
WT animals, were treated with busulfan (44 mg/kg) at 4 weeks of age to
destroy endogenous spermatogenesis. Four weeks after the treatment, both
mutant and wild-type animals were injected with AxCANCre (2 3 106 pfu/ml).
Approximately 10 ml of the donor cell suspension was injected into the seminif-
erous tubules of a busulfan-treated recipient, and donor cells from 8-week-old
Greenmice were microinjected 2 weeks after AxCANCre injection. The Institu-
tional Animal Care and Use Committee of Kyoto University approved the
animal experimentation protocols.
Analysis of Recipient Testes
The recipient testes were recovered at indicated time points after donor cell
transplantation and analyzed by staining for the LacZ gene product, b-galac-
tosidase, with X-gal (Wako Pure Chemical Industries, Osaka, Japan) (Nagano
et al., 1999). In experiments using Green mice, colonization was evaluated by
fluorescence under UV light. Germ cell clusters longer than 0.1 mm were
considered as colonies.
For histological evaluation of the recipient testes, the testes were fixed with
10% neutral-buffered formalin and processed for paraffin sectioning. Two
histological sections were made from each recipient testis with an interval of
12 mm. All sections were stained with hematoxylin and eosin. The number
of tubule cross-sections showing spermatogenesis, defined as the presence
of multiple layers of germ cells in the entire circumference of the seminiferous
tubule, was recorded for one section from each testis. Deletion efficiency in
Sertoli cells was evaluated by counting the number of tubules with LacZCexpression. For immunohistochemistry, cryosections of the testes fixed in
4% paraformaldehyde were stained using anti-SYCP3 antibody (Chuma and
Nakatsuji, 2001) and Alexa 488-conjugated anti-rabbit immunoglobulin G
antibody (Molecular Probes, Eugene, USA). The slides were counterstained
with Hoechst 33258 (Sigma). Statistical analysis was conducted using the
Student’s t test.
DNA Analysis
DNA transfer and hybridization were performed as described previously (Take-
hashi et al., 2007). To estimate cre-mediated deletion in b1-integrin mutant
mice, full-length LacZ cDNA was used as a probe. For E-cadherin mutant
mice, a 936-bp fragment in the exon 11-intron 11 region was amplified by
PCR using the primers 50-TGAGATGGACAGAGAAGACGC-30 and 50-GCCTT
AATCAAGTTGGTGTGG-30. The PCR product was digested by EcoRI to
produce a 250 bp fragment, which was used as a hybridization probe. Band
intensity was quantified using NIH image 1.63 software.
Analysis of Gene Expression
First-strand cDNA was synthesized using Superscript II (Invitrogen) for RT-
PCR. To quantify mRNA expression using real-time PCR, comparisons were
made by normalizing the expression to that of hypoxanthine phosphorybosyl
transferase (HPRT) using Step One Plus Real-Time PCR System and Power-
SYBR Green PCR Master mix (Roche Applied Science, Mannheim, Germany).
The PCR conditions were 95C for 10 min, followed by 40 cycles of 95C for
15 s, 60C for 60 s, and 72C for 12 s.
PCR was carried out using the following primers (50-ATCGTGCATGTTGTG
GAGAC-30and 50-CTGCTGTGAGCTTGGTGTTG-30 for b1-integrin, 50-GGTAT
GACGCTGCAGACTATCC-30 and 50-CAGTACGACACCTACCACGG-30 for
b2-integrin, 50-TGGCAAGTACTGTGAGTGCG-30 and 50-TCCAGTCCGAGTC
ACACACG-30 for b3-integrin, 50-GCCTACGAGGTCTGCTATGG-30 and 50-CG
CCTTAACCGTGTATCGG-30 for b4-integrin, 50-GCCAAGATGGCATATCTTAC
C-30 and 50-TGCAATTGTAGGCGACTTCC-30 for b5-integrin, 50-TGGAATATC
CAACTATCGGCC-30 and 50-ACCGCAGTTCTTCATAAGCG-30 for b6-integrin,
50-GAGGTCACACATTCTGTGCG-30 and 50-TCTCTCTCGAAGGCTTGAGC-30
for b7-integrin, 50-AAGGATCCACAATCAGTGC-30 and 50-CCAATATGACTCT
CACAGACG-30 for b8-integrin, 50-ACCGATTCAAGAAGCTGGC-30 and 50-AC
CATCCTAACACAGACAGTCC-30 for E-cadherin, 50-CATGCTGAGCCACAGT
ACC-30 and 50-CGCTACTGGAGGAGTTGAGG-30 for N-cadherin, 50-GGACCA
GGACTATGACATCACC-30 and 50-TGTTGGCAGCCTTCAGG-30 for P-cad-
herin, and 50-GCTGGTGAAAAGGACCTCT-30 and 50-CACAGGACTAGAACA
CCTGC-30 for HPRT).
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